ABSTRACT: Our objectives were to determine the effects of zilpaterol hydrochloride (ZH) and the release rate of trenbolone acetate and estradiol-17β on the Warner-Bratzler shear force (WBSF) and slice shear force (SSF) of longissimus lumborum (LL) and the WBSF of gluteus medius (GM) and psoas major (PM) in response to various aging periods. British × Continental steers (n = 168) were assigned to treatments in a 3 × 2 factorial. The main effects of treatment were implant (no implant, Revalor-S, Revalor-XS, Intervet/ Schering Plough Animal Health, De Soto, KS) and ZH (0 or 8.3 mg/kg of DM for 20 d). Slaughter group was included as a random effect to account for the variation in days on feed (153 or 174 d). Loins (n = 96) were fabricated to obtain strip loin, top sirloin butt, and tenderloin subprimals. Five 2.54-cm steaks were cut from each subprimal and assigned to 1 of 5 aging periods (7, 14, 21, 28, or 35 d postmortem). Feeding ZH increased (P ≤ 0.01) LL WBSF and SSF values at each aging period compared with controls. Implanting increased (P < 0.05) LL WBSF values at 14 and 21 d, but did not affect LL SSF values (P > 0.05). Only Revalor-S increased (P ≤ 0.05) WBSF values at 28 and 35 d compared with no implant or Revalor-XS. The percentage of LL steaks with a WBSF value below 4.6 kg did not differ (P > 0.05) between ZH supplementation or implant strategy at any aging period, and by d 28, more than 99% of LL steaks registered WBSF values below 4.6 kg. Feeding ZH increased (P < 0.05) GM WBSF values only on d 21. Implant had no effect (P > 0.05) on GM WBSF values. The percentage of GM steaks with a WBSF value below 4.6 kg did not differ (P > 0.05) between ZH supplementation or implant strategy at any aging period. Neither ZH nor implant strategy affected PM WBSF values (P > 0.05). All PM WBSF values were below 4.6 kg on d 7. The results of this study indicated that feeding ZH increased WBSF and SSF of LL steaks, regardless of the aging period; however, the percentage of steaks with WBSF below 4.6 kg did not differ because of ZH or implant. Implanting increased LL WBSF values, but not SSF values. These results showed that although differences existed between implanting, as well as ZH supplementation of British × Continental steers, 99% of LL steaks were classified as tender based on WBSF values by extending aging to 28 d postmortem. It should be noted that 21.2% of 7-d, 13.8% of 14-d, and 17.3% of 21-d ZH steaks had WBSF values greater than 4.6 kg, but 0% of nonsupplemented steaks were greater than 4.6 kg at these aging periods. However, because ZH and implants can increase retail yield of valuable subprimals, such as the tenderloin, considerable value could be captured through ZH supplementation with anabolic implants because shear force was not affected in PM steaks.
INTRODUCTION
Zilpaterol hydrochloride (ZH; Intervet/Schering Plough Animal Health, De Soto, KS) is a β 2 -adrenergic agonist approved for use in the United States in beef finishing diets (FDA, 2006 ) that works as a repartitioning agent similar to other β 2 -adrenergic agonists. Zilpaterol hydrochloride can significantly improve performance (Elam et al., 2009; Montgomery et al., 2009 ) and retail yield ; however, numerous reports have shown negative effects on Warner-Bratzler shear force (WBSF) when cattle were supplemented with ZH Hilton et al., 2009; Kellermeier et al., 2009; Shook et al., 2009; Garmyn et al., 2010) . Hilton et al. (2009) found that even with reduced tenderness, consumer tenderness acceptability and overall acceptability were not affected.
Revalor-XS (REV-XS; Intervet/Schering Plough Animal Health) is a steroidal implant containing 200 mg of trenbolone acetate (TBA) and 40 mg of estradiol-17β (E 2 ) that is approved for use in feedlot cattle (FDA, 2007) . Revalor-XS has a polymer coating on 6 of 10 implant pellets, resulting in delayed release of TBA and E 2 . Igo et al. (2011) reported that minimal differences occurred in WBSF and slice shear force (SSF) of USDA Choice and Select steaks aged 14 d postmortem from steers implanted with REV-XS or Revalor-IS (80 mg of TBA and 16 mg of E 2 ) followed by Revalor-S (REV-S; 120 mg of TBA and 24 mg of E 2 ) 70 to 80 d before slaughter (IS/S; Intervet/Schering Plough Animal Health). More important, after 21 d postmortem, WBSF, SSF, consumer tenderness acceptability, and overall acceptability were not different for either grade when comparing steaks from REV-XS, IS/S, or nonimplanted steers.
Combining ZH with anabolic steroids improved performance and carcass yield (Kellermeier et al., 2009; Parr et al., 2011) ; however, the effects of ZH in conjunction with anabolic steroids with various release rates on shear force have not been reported. Therefore, the objectives of this study were to determine the effects of ZH and the release rate of TBA and E 2 on WBSF and SSF of longissimus lumborum (LL) and the WBSF of gluteus medius (GM) and psoas major (PM) in response to various aging periods.
MATERIALS AND METHODS
All procedures involving the use of animals were reviewed and approved by the Texas Tech University Animal Care and Use Committee.
Animals and Treatments
British × Continental crossbred steers (n = 199) were fed at the Texas Tech University Burnett Center located approximately 10 km from New Deal, TX, from December 2008 through July 2009. Initial processing included 1) tagging with a numbered ear tag, 2) palpation of ears to detect the presence of any previous implants, 3) vaccination for clostridial and viral diseases with Vista 5 and Vista 7 with Spur (Intervet/ScheringPlough Animal Health), 4) treatment for internal and external parasites with Safe-Guard (Intervet/Schering-Plough Animal Health) and Ivomec pour-on (Merial, Duluth, GA), and 5) measurement of initial BW. Steers were not used in the experiment if they exhibited extremes in BW, variation in breed type (i.e., not black-hided), or evidence of a previous implant. The remaining steers (n = 168; initial BW = 362 kg) were stratified by BW and assigned to 7 blocks based on BW. Within blocks, steers were assigned randomly to pens and treatments (42 pens total; 7 pens/treatment; 6 pens/block; 4 steers/pen). Treatments were arranged within blocks in a 3 × 2 factorial with the main effects of implant and ZH supplementation (all products from Intervet/Schering Plough Animal Health). Treatments were supplementation of ZH for 0 or 20 d (8.3 mg/kg, on a DM basis) followed by a 3-d withdrawal period before shipping with or without a single REV-S on d 1 (120 mg of TBA and 24 mg of E 2 ), a single dose of REV-XS on d 1 (200 mg of TBA and 40 mg of E 2 ), or no implant (NI). To accommodate the muscle biopsy sampling conducted and reported by Parr et al. (2011) , blocks were split into light (24 pens; 4 blocks) and heavy (18 pens; 3 blocks) groups. Zilpaterol supplementation began on d 131 for the heavy group and on d 152 for the light group. Slaughter occurred 23 d later for each group. Additional information on feeding and management was reported by Parr et al. (2011) .
Carcass Evaluation and Selection
At 152 d, the heavy group was shipped approximately 198 km to a commercial plant in Amarillo, TX, for carcass and subprimal collection, and at 174 d, the light group was shipped. Carcass data were collected by trained personnel from Texas Tech University. Carcass measurements included HCW, unadjusted and adjusted 12th-rib fat thickness, LM area, KPH, and marbling score. Yield grade was calculated from HCW, LM area, adjusted 12th-rib fat thickness, and KPH (USDA, 1997) . Results from carcass data were reported by Parr et al. (2011) .
Carcasses from each slaughter date were selected by treatment and HCW. From each pen, 2 to 3 carcasses were selected that had the closest HCW within the pen. The actual distribution of carcasses selected from each treatment is displayed in Table 1 . Full loins (n = 96) were collected and shipped to the Texas Tech University Gordon W. Davis meat science laboratory (Lubbock) , and stored at 2°C until fabrication. Upon arrival at the meat science laboratory (3 d postmortem), full loins were fabricated to obtain strip loin [Institutional Meat Purchase Specifications (IMPS) #180], top sirloin butt (IMPS #184A), and tenderloin (IMPS #189A) subprimals (USDA, 2010), were vacuum packaged, and were stored at 2°C until steak fabrication. On d 7 postmortem, subprimals were fabricated into 2.54-cm-thick steaks. For strip loins, a steak was removed from the anterior-most end of the strip loin to level the face of the strip loin. The next 5 steaks were assigned to 1 of 5 aging periods (7, 14, 21, 28, 35 d postmortem) in a rotating fashion to ensure each ag-ing period was represented at each anatomical position. These 5 steaks were used for SSF and WBSF. For tenderloins, a steak was removed from the posterior-most end of the tenderloin to create a cut surface for the tenderloin. Five steaks were obtained from tenderloins in a similar fashion and assigned to 1 of 5 aging periods (7, 14, 21, 28, 35 d postmortem) for WBSF. For top sirloin butt subprimals, the biceps femoris (cap) was removed before steak fabrication, and 4 steaks were obtained and assigned to 1 of 4 aging periods (14, 21, 28, and 35 d postmortem) in a rotating fashion for WBSF. Individual steaks were vacuum packaged and stored at 2°C. After the appropriate aging period, steaks were frozen at −20°C until further analysis.
SSF Analysis
Slice shear force values were obtained from each LL steak assigned to a 14-or 21-d postmortem aging period. Steaks were thawed at 2 to 4°C for 24 h before cooking. Steaks were cooked to an internal temperature of 71°C using a Magigrill belt grill (model TBG-60 Magigrill, Magi-Kitch'n Inc., Quakertown, PA) with a grill-plate temperature of 163°C. Temperature was monitored with a digital meat thermometer (model SH66A, Cooper Instruments, Middlefield, CT). Individual steaks were weighed before and after cooking to determine cooking loss. After cooking, a 1-to 2-cm slice was removed across the width of the steak from the lateral and medial end to square off the steak and expose the muscle fibers. A cut was made across the width of the steak parallel to and 5 cm medial of the first cut made on the lateral end of the steak to obtain a 5-cm section from the lateral end of each steak. After each slice was obtained, each slice was then center sheared across the muscle fiber using a force analyzer (with a tension attachment, model SSTM-500, United Calibration Corp., Huntington Beach, CA) with a crosshead speed of 500 mm/min and a load cell of 226 kg. Peak shear force values were recorded in kilograms.
WBSF Analysis
After each steak was slice sheared, the portions of the remaining steak were placed on metal trays, covered with polyvinyl chloride film, and chilled at 2°C for 24 h. All remaining steaks (7-, 28-, and 35-d LL steaks, all GM steaks, and all PM steaks) were thawed at 2 to 4°C for 24 h before cooking. Gluteus medius steaks were cooked as described previously and placed on metal trays, covered with polyvinyl chloride film, and chilled at 2°C for 24 h. Psoas major steaks were broiled in an impingement oven (model 1132-000-U, K1837, Lincoln Impinger, Lincoln Foodservice Products, Fort Wayne, IN) at 200°C to an internal temperature of 71°C. A digital meat thermometer (model SH66A, Cooper Instruments, Middlefield, CT) was used to monitor temperature. Warner-Bratzler shear force values were obtained by removing 4 cores, 1.3 cm in diameter, from PM steaks or six 1.3-cm cores from LM and GM steaks parallel to the muscle fiber from the remaining portions of the steak. Cores were sheared once perpendicular to the muscle fibers using a WBSF analyzer (G-R Electric Manufacturing, Manhattan, KS). The Warner-Bratzler head moved at a crosshead speed of 200 mm/min. Shear force values were recorded in kilograms, and the values from the cores from each steak were averaged for statistical analysis.
Statistical Analysis
Data were analyzed as a randomized complete block design with a 3 × 2 factorial arrangement of treatments. The fixed effects of implant, ZH, and the implant × ZH interaction were analyzed by aging period. Slaughter day was included in the model as the random effect (block). The experimental unit was the subprimal. Carcass data, WBSF, SSF, and cooking loss percentage data were analyzed using the MIXED procedure (SAS Inst. Inc., Cary, NC). According to Shackelford et al. (1991) , there is a 50% probability that steaks with a WBSF value less than 4.6 kg will be rated slightly tender or greater. Therefore, the percentage of carcasses grading USDA Choice and the percentage of steaks with WBSF values below 4.6 kg were analyzed as binomial proportions using the GLIMMIX procedure of SAS, with the ILINK option of the LSMEANS statement of SAS used to calculate least squares means for the proportions. The experimental unit was the carcass or subprimal, respectively. The fixed effects of implant, ZH, and the implant × ZH interaction were analyzed by aging period. Treatment least squares means were separated with the PDIFF option of SAS at a significance level of P < 0.05. 
RESULTS AND DISCUSSION

Carcass Characteristics
Carcass traits from the selected carcasses are presented in Table 2 . No differences (P > 0.05) were observed for HCW, unadjusted and adjusted 12th-rib fat thickness, KPH, yield grade, marbling score, or percentage grading USDA Choice because of implant or ZH supplementation. Steers supplemented with ZH exhibited greater (P < 0.01) LM area compared with steers without ZH. Implanting with REV-XS also resulted in greater (P < 0.01) LM area compared with NI and REV-S. When Parr et al. (2011) reported carcass characteristics of all steers from this study, they observed differences in HCW attributable to ZH supplementation and implant; however, carcasses were selected to equalize HCW in the current study. and REV-S, respectively. However, it should be noted that least squares means for WBSF of steaks from steers without ZH were less than 3.0 kg at all aging periods. These results showed that although differences existed between implanting, as well as ZH supplementation, 99% of LL steaks were classified as tender based on WBSF values (<4.6 kg) by extending aging to 28 d postmortem. It should be noted that 21.2% of 7-d, 13.8% of 14-d, and 17.3% of 21-d ZH steaks had WBSF values greater than 4.6 kg, but 0% of nonsupplemented steaks were greater than 4.6 kg at these aging periods. As seen in Table 4 , ZH supplementation increased (P < 0.01) LL SSF values at 14 and 21 d postmortem; however, implanting did not affect (P > 0.05) SSF values.
WBSF, SSF, and Cooking
These results are consistent with previous reports on the effects of feeding ZH; however, limited research is available on the effects of extended aging (>21 d postmortem) of steaks from cattle supplemented with ZH. When Igo et al. (2011) compared the effects of REV-XS and IS/S on beef palatability, they found that USDA Select strips from steers implanted with IS/S had increased WBSF values at 14 d compared with steers implanted with REV-XS and NI steers; however, there were no implanting differences in WBSF at 21 d postmortem. Moreover, there were no implanting effects at Within a row, least squares means without a common superscript differ (P < 0.05) because of implant.
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Within a row, least squares means without a common superscript differ (P < 0.05) because of ZH supplementation. In contrast with the current results, Igo et al. (2011) reported that implanting with IS/S or REV-XS increased SSF of USDA Select steaks compared with NI. However, no differences between implanting or NI were detected in SSF of either quality grade after 21 d postmortem, which supports the current findings.
The cooking loss percentage of LL steaks is shown in Table 5 . Zilpaterol hydrochloride supplementation increased (P < 0.01) cooking loss percentage of LL steaks aged 7, 14, and 28 d postmortem; however, cooking loss percentage did not differ (P = 0.08) on d 21 postmortem for steaks from steers supplemented with ZH compared with non-ZH. Implanting increased (P < 0.01) cooking loss percentage only at d 14 postmortem.
The differences in cooking loss caused by ZH are not supported by the literature. Hilton et al. (2009) Within a row, least squares means without a common superscript differ (P < 0.05).
Within a row, least squares means without a common superscript differ (P < 0.05) because of implant.
1
The ZH, Revalor-S, and Revalor-XS were from Intervet/Schering Plough Animal Health (De Soto, KS).
2 Pooled (largest) SE of least squares means (n = 16/treatment/aging period).
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Observed significance levels for the main effects of zilpaterol, implant, and the zilpaterol × implant interaction by aging period. Observed significance levels for the main effects of ZH, implant, and the ZH × implant interaction by aging period. not report differences in LM cooking loss when steers were supplemented with ZH for 30 d. Kellermeier et al. (2009) observed that LM cooking loss was not affected by the ZH or REV-S treatments. Additionally, Garmyn et al. (2010) found that ZH supplementation did not affect cooking loss in strip loin steaks. However, Igo et al. (2011) reported that LM cooking loss was not affected by implanting with IS/S or REV-XS in USDA Choice and Select strip steaks aged 14 or 21 d. These results conflict with the current results because implanting resulted in increased cooking loss at 14 d postmortem; however, they also support the current findings because cooking loss was not different at any other postmortem aging period (7, 21, 28, and 35 d). GM Steaks. As shown in Table 6 , ZH supplementation produced GM steaks with greater (P = 0.03) WBSF values compared with no ZH only at 21 d postmortem. Implanting had no effect (P > 0.05) on WBSF values of GM steaks at each aging period. The percentage of GM steaks with a WBSF value less than 4.6 kg did not differ (P > 0.05) between ZH supplementation or implant strategy at a given aging period. At d 21 postmortem, 100% of GM steaks were classified as tender (<4.6 kg) based on WBSF value. When comparing GM steaks aged for 14 and 35 d, postmortem aging from 14 to 35 d decreased WBSF values by 22.7, 27.9, and 24.8% for steaks from steers without ZH supplementation for NI, REV-S, and REV-XS, respectively. Postmortem aging from 14 to 35 d decreased WBSF values by 27.8, 32.5, and 26.2% for steaks from steers supplemented with ZH for NI, REV-S, and REV-XS, respectively. Regardless of ZH supplementation, REV-S had the greatest numerical response to postmortem aging, followed by REV-XS and NI. The cooking loss percentage of GM steaks was not affected (P > 0.05) by ZH supplementation or implant strategy (Table 7) .
Literature describing the effect of ZH on the WBSF of other muscles besides the LL is limited. Brooks et al. (2009) observed that feeding ZH increased the WBSF of GM steaks from US Choice carcasses; however, no differences in WBSF were observed between 0 and 20 d of ZH supplementation in GM steaks from USDA Select carcasses. In the current study, most carcasses (≥75%) were USDA Choice or better, and the results Within a row, least squares means without a common superscript differ (P < 0.05) because of implant.
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Observed significance levels for the main effects of ZH, implant, and the ZH × implant interaction by aging period. (Table 8 ). All PM WBSF values were less than 4.6 kg at 7 d postmortem and remained below 4.6 kg throughout all aging periods (data not shown in tabular form). Cooking loss percentage was affected (P = 0.02) by ZH supplementation on d 7 and 28 postmortem (Table 9) ; however, in contrast to LM steaks, ZH supplementation resulted in decreased cooking loss of PM steaks compared with no ZH. Implanting with REV-XS resulted in increased (P = 0.04) cooking loss percentage of PM steaks at d 7 postmortem; however, implanting with REV-S and REV-XS increased cooking loss percentage of PM steaks on d 35 postmortem. A significant (P = 0.01) interaction was observed for cooking loss percentage between implant and ZH supplementation on d 21 postmortem. Psoas major steaks from steers with NI and no ZH had the greatest cooking loss percentage, and NI with ZH resulted in the least cooking loss percentage.
Subprimals were not statistically compared; however, PM steaks appeared to have a greater cooking loss percentage than LM steaks, which supports findings by Rhee et al. (2004) . These differences could be compounded by the slower cooking rate of PM steaks because of alternative cookery methods between LM and PM steaks. However, previous research has yielded conflicting results on the effect of cookery method on cooking loss percentage. When Yancey et al. (2011) compared methods of cooking ribeye steaks, they reported that the clamshell cooking method, which is similar in heat transfer to the belt grill, tended to have less cooking loss than other methods, including forcedair impingement cooking. However, Lawrence et al. (2001) found when the belt grill was set to the same temperature as in the current study (163°C), cooking loss did not differ from convection cookery methods for LM steaks.
In conclusion, feeding ZH and implanting increased the WBSF of LL steaks, regardless of aging period; however, the percentage of steaks with a WBSF below 4.6 kg did not differ because of ZH or implant. It should be noted that 21.2% of 7-d, 13.8% of 14-d, and 17.3% of 21-d ZH steaks had WBSF values greater than 4.6 kg, but 0% of nonsupplemented steaks were greater than 4.6 kg at these aging periods. Postmortem aging from 7 to 35 d decreased WBSF values by 19.2, 23.3, and 24.2% for steaks from ZH-supplemented steers with NI, REV-S, and REV-XS, respectively. When steers were not supplemented with ZH, postmortem aging from 7 to 35 d decreased WBSF values by 4.5% for REV-XS but increased WBSF values by 7.0 and 2.9% for NI Pooled (largest) SE of least squares means (n = 16/treatment per aging period).
Observed significance levels for the main effects of ZH, implant, and the ZH × implant interaction by aging period. Pooled (largest) SE of least squares means (n = 16/treatment per aging period).
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Observed significance levels for the main effects of ZH, implant, and the ZH × implant interaction by aging period.
and REV-S, respectively. These results showed that although differences existed between implanting as well as ZH supplementation, 99% of LL steaks were classified as tender based on WBSF values by extending aging to 28 d postmortem. However, it should be noted there would be increased costs in infrastructure and energy to extend postmortem aging. Feeding ZH increased GM WBSF values only on d 21, and implanting had no effect on GM WBSF values. Consequently, the percentage of GM steaks with a WBSF value below 4.6 kg did not differ between ZH supplementation or implant strategy at any aging period. Neither ZH nor implant strategy affected PM WBSF values, but all PM WBSF values were below 4.6 kg on d 7. Because ZH and implants can increase retail yield of valuable subprimals, such as the tenderloin, considerable value could be captured through ZH supplementation because shear force was not affected in PM steaks. Within a row, least squares means without a common superscript differ (P < 0.05).
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